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MotivationMotivationss

�� Top quark is really massiveTop quark is really massive

�� Lot of top properties still to be testedLot of top properties still to be tested

�� Samples getting larger and well understoodSamples getting larger and well understood

�� Yukawa coupling to Higgs near unityYukawa coupling to Higgs near unity

�� Special Special role in EWSB?role in EWSB?

�� Sensitivity to physics beyond SM?Sensitivity to physics beyond SM?

�� Direct searches for new phenomenaDirect searches for new phenomena

�� Top chargeTop charge,, widthwidth, , couplingscouplings

�� Production mechanism Production mechanism 



The The TevatronTevatron and and CDFCDF

�� ProtonProton--antiproton colliderantiproton collider

-- √√s = 1.96 s = 1.96 TeVTeV

-- Record Record luminosity luminosity 2.9x102.9x103232cmcm--22ss--11

-- Aim to collect Aim to collect 66--8 8 fbfb--11 by 2009by 2009

�� Only top factory Only top factory in in the worldthe world

�� Tracking systemTracking system

-- charged particles and charged particles and bb--taggingtagging

�� EM EM and and HAD HAD calorimeterscalorimeters

-- electrons and jets electrons and jets 

�� Muon chambersMuon chambers

Calorimeters

Tracking system

Muon chambers

Integrated Luminosity at CDF



TTop Production at the Tevatronop Production at the Tevatron

�� Pair production via strong interaction dominant Pair production via strong interaction dominant 

σσNLONLO ((pp pp →→ tttt) ) ≅≅ 6.76.7±± 0.8 0.8 pbpb

for mfor mtt = 175 = 175 GeVGeV/c/c22

CacciariCacciari et al. JHEP 0404:068 (2004)et al. JHEP 0404:068 (2004)

KidonakisKidonakis & Vogt PRD 68 114014 (2003)& Vogt PRD 68 114014 (2003)

�� Decay via electroweak Decay via electroweak 

interaction interaction BR(tBR(t→→WbWb) ≈100%) ≈100%

�� Observed Observed final final states given states given by W by W boson decayboson decay

DileptonDilepton:       :       tttt →→ llννllννbb   bb   (5%)(5%)

Lepton+jets: Lepton+jets: tttt →→ lvqqbblvqqbb (30%)(30%)

HadronicHadronic:     :     tttt →→ qqqqbbqqqqbb (45%)(45%)

l=electron or l=electron or muonmuon
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Top Quark Samples at CDFTop Quark Samples at CDF

�� Dilepton sampleDilepton sample

�� LeptonLepton++jetsjets samplesample

�� About About 11--1.71.7 fbfb--11 analyzedanalyzed

�� Cross Cross sectionsection measuredmeasured

�� TwoTwo highhigh--PPTT isolated leptons isolated leptons 

�� TwoTwo highhigh--EETT jets jets 

�� LargeLarge missing transverse energymissing transverse energy

�� One highOne high--PPTT isolated leptonisolated lepton

�� ≥≥ 4 4 highhigh--EETT jets jets ((≥≥11 bb--taggedtagged))

�� Large missing transverse energyLarge missing transverse energy

�� GoodGood agreement with agreement with SM SM predictionprediction

�� Sample composition well understoodSample composition well understood



What Can We Test?What Can We Test?
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q’-�� top propertiestop properties

�� top couplingstop couplings

�� top masstop mass

�� top chargetop charge

�� top widthtop width

�� V+A V+A weak couplingweak coupling

�� FlavorFlavor ChangingChanging

Neutral Neutral CurrentCurrent

�� σσ((gggg→→tt)/tt)/σσ(pp(pp→→tttt))

�� ffoorwardrward--backwardbackward asymmetryasymmetry

�� new particles new particles 

�� tttt resonancesresonances

�� massive t’massive t’

�� heavy W’heavy W’

--

�� top production mechanismtop production mechanism
-- -- --



Top Quark PropertiesTop Quark Properties



Top Quark MassTop Quark Mass

�� Challenging measurementChallenging measurement

-- final state reconstructionfinal state reconstruction

-- jet energy measurementjet energy measurement

-- neutrinos undetectedneutrinos undetected

�� Best world measurement Best world measurement 

lepton+jets channel:lepton+jets channel:

mmtt = 17= 1722..77 ± ± 2.2.11 GeV/cGeV/c22

�� TevatronTevatron combination combination March’07March’07

mmtt = 170.9 = 170.9 ± ± 1.8 GeV/c1.8 GeV/c22

New!!!



Constraints on Higgs Boson MassConstraints on Higgs Boson Mass

�� Top mass (together with W) Top mass (together with W) 

mass measurements allow to mass measurements allow to 

constrain Higgs boson mass constrain Higgs boson mass 

through through radiativeradiative corrections corrections 

�� Electroweak fit to SM Higgs Electroweak fit to SM Higgs 

boson mass using latest  boson mass using latest  

TevatronTevatron combination:combination:

MMHH=76=76+33+33
--24 24 GeV/cGeV/c2 2 

MMHH<1<14444 GeV/cGeV/c2 2 @ 95% CL@ 95% CL



Top Charge: +2/3 or Top Charge: +2/3 or --4/3?4/3?
�� Suggestions for a fourth generation quark with Q=Suggestions for a fourth generation quark with Q=--4/34/3

D. Chang et al.D. Chang et al. PRD 59 091503(99)PRD 59 091503(99)

�� Top charge reconstructedTop charge reconstructed

from decay product from decay product tt→→WbWb

�� Observed charge distribution tested Observed charge distribution tested vsvs Q=+2/3 and Q=Q=+2/3 and Q=-- 4/3 4/3 

hypotheseshypotheses

�� data consistent with a SM top data consistent with a SM top hypotesishypotesis

�� exotic quark excluded at 87% CLexotic quark excluded at 87% CL

�� W charge from W charge from leptonicleptonic

decay Wdecay W±± →→ ll±±vv

�� b flavor from charged b flavor from charged 

tracks information in jettracks information in jet



Top Top Quark Quark WidthWidth

�� Top lifetime Top lifetime in SM in SM extremely extremely short (short (ττtt~~ 4x104x10--2525s)s)

�� Top mass spectrum Top mass spectrum 

sensitive to top widthsensitive to top width: : 

templetes templetes fit to extract fit to extract ΓΓtt

�� Compare Compare ΓΓttfit
fit to results to results 

from pseudofrom pseudo--experiments experiments 

�� ΓΓt t < 12.7 < 12.7 GeV GeV @ 95% CL@ 95% CL

�� ττtt>5.2x10>5.2x10--2626 s  @ 95% CL   s  @ 95% CL   



Top Production MechanismTop Production Mechanism



σσ((gggg→→tttt)/)/σσ((pppp →→tttt))

�� FractionFraction of tt of tt eventsevents fromfrom gluongluon fusionfusion providesprovides

-- testtest perturbativeperturbative QCDQCD

-- sensitivitysensitivity to to newnew toptop

productionproduction andand decaydecay

�� First First idea: idea: radiation from gluonsradiation from gluons tendstends to to carrycarry lowlow PP fractionfraction

~85% ~15%

-- ----

�� LowLow--PPT T track multiplicitytrack multiplicity

measured measured in noin no--gluon gluon 

and gluonand gluon--rich samplesrich samples

�� Fitting Fitting data data distribution  distribution  

toto <N<NTRKTRK> > templatestemplates

--

σσ((gggg→→tt)/tt)/σσ(pp(pp→→tttt) = 0.07 ) = 0.07 ±± 0.160.16
-- -- --



�� SecondSecond idea: idea: toptop--antitopantitop spinspin correlation correlation 

-- likelike--signsign in in gluongluon fusionfusion productionproduction

-- unlikeunlike--signsign in in qqqq annihilationannihilation

�� NeuralNeural NetworkNetwork approachapproach::

-- 2 2 kinematickinematic variables variables describingdescribing thethe productionproduction in in tt tt frameframe

-- 6 6 anglesangles betweenbetween decaydecay productsproducts →→ spinspin correlationcorrelation

�� FittingFitting data data toto NN output NN output shapesshapes

σσ((gggg→→tttt)/)/σσ((pppp →→tttt))-- -- --

σσ((gggg→→tt)/tt)/σσ(pp(pp→→tttt))<0.33 @ 68% CL<0.33 @ 68% CL
-- ----

--

--



ForwardForward--Backward AsymmetryBackward Asymmetry

�� Production diagrams interferenceProduction diagrams interference

NNtt (cos (cos θθ) ) –– NNtt (cos (cos θθ))

NNtt (cos (cos θθ) + ) + NNtt (cos (cos θθ))

�� 44--6% 6% asymmetry expected atasymmetry expected at NLONLO

�� Use  Use  ∆∆Y*Y*QQll inin

leptonlepton++jets jets 

samplesample: : 

AA∆∆Y*QY*Q
NLONLO~~44--7% 7% 

AAfbfb = 28= 28 ±± 1313(stat)(stat) ±± 55(syst)(syst) %%

AAfb fb ==
--

--

________________________________________



SearchesSearches forfor NonNon--SM SM Top CouplingsTop Couplings



RightRight--Handed Weak CouplingHanded Weak Coupling
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�� V+A V+A coupling signal of new physics  coupling signal of new physics  

-- LeftLeft--right symmetryright symmetry, PRL 38,1252(1977), PRL 38,1252(1977)

-- Mirror particlesMirror particles, J., J.PhysPhys.G 26,99 (2000).G 26,99 (2000)

-- Beautiful Beautiful mirrmirrorsors, PRD 65,53002,(2002), PRD 65,53002,(2002)

�� VV--A A character of top decay tested character of top decay tested by W by W helicityhelicity
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�� Two Two variables variables sensitive to sensitive to W W helicityhelicity in in top decaystop decays

�� ccososθθ* = angle between lepton * = angle between lepton 

and top in W rest frame:and top in W rest frame:

-- LeftLeft--handed   handed   ~   ~   (1(1-- coscosθθ**))22

-- Longitudinal   Longitudinal   ~   ~   (1(1-- coscos22θθ**))

-- RightRight--handed handed ~   ~   (1+(1+coscosθθ**))22

�� Mass of the charged leptonMass of the charged lepton --

b quark system:b quark system:

-- MMlblb
22 ≈≈ (m(mtt

2 2 -- mmWW
22) cos ) cos θθ**

W W Helicity Helicity in in Top DecayTop Decay
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W W HelicityHelicity ResultsResults

�� Different fitting techniquesDifferent fitting techniques in cin cososθθ** analysisanalysis

�� Binned fit to theoretical shapesBinned fit to theoretical shapes::

-- ff0 0 = 0.38 = 0.38 ± 0.22 (stat) ± 0.07 (syst)± 0.22 (stat) ± 0.07 (syst)

ff++ = 0.38 = 0.38 ± 0.22 (stat) ± 0.07 (syst)± 0.22 (stat) ± 0.07 (syst)

-- ff+ + < 0.12 @ 95% CL< 0.12 @ 95% CL ((ff0 0 = 0.7= 0.7 fixedfixed))

�� Unbinned fit toUnbinned fit to Monte Monte Carlo shapesCarlo shapes::

-- ff0 0 =  0.61 =  0.61 ± 0.20 (stat) ± 0.03 (syst)± 0.20 (stat) ± 0.03 (syst)

ff++ = = --0.02 0.02 ± 0.08 (stat) ± 0.03 (syst)± 0.08 (stat) ± 0.03 (syst)

-- ff+ + < 0.07 @ 95% CL< 0.07 @ 95% CL ((ff0 0 = 0.7= 0.7 fixedfixed))

�� Using MUsing Mlblb to measure fraction ofto measure fraction of V+A:V+A:

-- ff++ < 0.09 @ 95% CL< 0.09 @ 95% CL ((ff0 0 = 0.7 fixed)= 0.7 fixed)



FCNC: t FCNC: t →→ Zq Zq 

�� In SM In SM BR(t BR(t →→ ZqZq) = O(10) = O(10––1414))

�� BSM BSM scenarios allow scenarios allow BRBR up up toto O(10O(10––22))

-- J.A.AguilarJ.A.Aguilar--Saavedra, Saavedra, 

Acta Acta PhysPhys..PolonPolon.B35, 2695.B35, 2695--27102710

�� LEP limit BR(t LEP limit BR(t →→ ZqZq)) << 13.7%13.7%

�� CountingCounting experimentexperiment tt tt →→ Zq WbZq Wb

-- Z Z →→ ll++ll--

-- W W →→ qqqq’’

-- χχ22 ofof kinematickinematic fitfit toto toptop massmass

best best discriminatordiscriminator

�� No  No  excessexcess observed observed 

BR(t BR(t →→ ZqZq)) < 10.6% @ 95% CL< 10.6% @ 95% CL

--

--



Searches for New ParticlesSearches for New Particles



tttt ResonancesResonances
--

�� Several models suggest Several models suggest tttt resonant productionresonant production::

�� FitFit toto reconstructedreconstructed tt masstt mass

ModelModel: : narrownarrow Z’  (Z’  (ΓΓZ’Z’ ~~ 1.2% M1.2% MZ’Z’) ) 

no no interference withinterference with ss--channel ttchannel tt

�� No No deviation fromdeviation from SM SM observedobserved

�� Extended Extended gauge theoriesgauge theories

-- A.A.LeikeLeike, , PhysPhys..RepRep.317,143(1999).317,143(1999)

�� KK KK statesstates of gluons or of gluons or ZZ

-- B.B.LillieLillie et al.,et al.,arXivarXiv::hephep--phph/0701166/0701166

-- R.R.RizzoRizzo,,PhysPhys.Rev.D61,055005(2000).Rev.D61,055005(2000)

�� AxigluonsAxigluons andand TopcolorTopcolor

-- L.L.SehgalSehgal et al.,et al.,PhysPhys..LettLett.B200(1988).B200(1988)

-- C.Hill et al.,C.Hill et al.,PhysPhys.Rev.D49,4454(1994).Rev.D49,4454(1994)

--

--

σσ (Z(Z’’→→tttt) < 0.7 ) < 0.7 pbpb @ 95% CL@ 95% CL

forfor MMZZ’’ > 700 > 700 GeVGeV/c/c22

--

--



Search for Search for MassiveMassive t’ t’ →→ WbWb
�� 44thth generation of heavy fermionsgeneration of heavy fermions compatible compatible with with EWK dataEWK data

�� 22--dim likelihood fit to dim likelihood fit to datadata

�� N=2 SUSY  N=2 SUSY  modelsmodels: H.J.He et al., : H.J.He et al., arXivarXiv::hephep--phph/0102144/0102144

�� ““Beautiful mirrorsBeautiful mirrors” ” modelmodel: C.: C.Wagner Wagner et al., et al., arXivarXiv::hephep--phph/0109097/0109097

�� HHTT: : sum of transverse energysum of transverse energy

of all objects of all objects in final in final state state 

�� MrecoMreco: : Wb reconstructed mass Wb reconstructed mass 

�� No No evidence forevidence for t’ t’ observedobserved

�� SetSet 95% CL 95% CL upper limit onupper limit on

σσ((pppp→→tt’’tt’’) x BR(t) x BR(t’’→→WbWb))22-- --

�� mmt’t’>256 >256 GeVGeV/c/c22 @ 95% CL@ 95% CL



Heavy W’ ProductionHeavy W’ Production
�� Search forSearch for WW--like heavy boson decaying to like heavy boson decaying to a a toptop--bottom pairbottom pair

�� Single Single top production signaturetop production signature::

�� No No evidence for evidence for W’ W’ boson boson inin

reconstructedreconstructed MMwbbwbb mass spectrummass spectrum

�� Limits on Limits on W’ W’ production and its production and its 

couplings to fermionscouplings to fermions

�� Extra Extra dimensionsdimensions: PRD 74, 75008(2006): PRD 74, 75008(2006)

�� LittleLittle HiggsHiggs: : arXivarXiv::hephep--phph/051212/051212

�� TopcolorTopcolor: PL B385, 304(1996): PL B385, 304(1996)

�� ChargedCharged leptonlepton

�� Large missing energyLarge missing energy

�� Two jetsTwo jets

σσ··BR(WBR(W’’→→tbtb)<0.4 )<0.4 pbpb @ 95% CL @ 95% CL 

for Mfor MWW’’ > 700 GeV/c> 700 GeV/c22



ConclusionsConclusions

�� TheThe CDF CDF top quark samplestop quark samples in in 11--1.71.7 fbfb--11

of pp collisionof pp collision data data at the Tevatron have at the Tevatron have 
been established and well understoodbeen established and well understood

�� Lot of precision measurements and first Lot of precision measurements and first 
resultsresults in in searches for new physics have searches for new physics have 
been achieved been achieved 

�� Beginning to have sensitivity to unexpected Beginning to have sensitivity to unexpected 
top quark properties and new phenomenatop quark properties and new phenomena in in 
our samplesour samples

--



Backup Backup SlidesSlides



b Quark Taggingb Quark Tagging

�� Tagging the b quark improves Tagging the b quark improves partonparton--jet assignments:jet assignments:

lepton+jets: 1 tag lepton+jets: 1 tag →→ 6 combinations, 2 tags 6 combinations, 2 tags →→ 2 combinations2 combinations

�� Requiring a b tagged jet also reduces background Requiring a b tagged jet also reduces background 

contaminationcontamination

�� B hadrons are long livedB hadrons are long lived

Jet tagging Jet tagging 

efficiency efficiency →→ 42%42%

False tag rate False tag rate →→ 0.5%0.5%



Best Top Mass MeasurementBest Top Mass Measurement

�� Matrix Element Method with Matrix Element Method with in situ jet in situ jet calibrationcalibration

�� Build event likelihood as a function of mBuild event likelihood as a function of mtt and JESand JES

�� Sum over events and background subtractionSum over events and background subtraction

logLlogLtottot(m(mtt,JES)=   ( logL(y,JES)=   ( logL(yii|mt,JES) |mt,JES) –– ffbgbg(y(yii)logL(bg|m)logL(bg|mtt,JES) ),JES) )

�� Top mass extracted Top mass extracted by by maximizing profile likelihoodmaximizing profile likelihood

LLprof prof (m(mtt) = ) = max max LLtottot(m(mtt, j), j)
jєJESjєJES

ΣΣii

NormalizationNormalization

factorfactor

AcceptanceAcceptance

Sum over Sum over partonparton

jet jet assignamentassignament

PDFsPDFs
bb--tagtag

weightweight
Transfer functionTransfer function

connecting connecting partonspartons to jetsto jets

Matrix Matrix 

elementelement

IntegrationIntegration

over phase spaceover phase space



�� Lowest Lowest χχ22 partonparton--jet jet assignamntassignamnt used in used in analysanalyseses

�� Correct combination in 70% of the casesCorrect combination in 70% of the cases
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Constrain on Constrain on W W massesmasses t t andand t t have the have the 

samesame massmass MMtt

Fluctuate Fluctuate momentamomenta according to their resolutionaccording to their resolution

--

KinematicKinematic FitFit



Search for t Search for t →→ HH++bb

�� SMMS predicts large BR(tSMMS predicts large BR(t→→HH++b)  (>10%)  b)  (>10%)  for small and large for small and large ββ

�� Four different channels considered:  Four different channels considered:  HH+ + →→ ττνν, , cscs, t, t**b, Wb, W++hh00

�� Compare predictions to data to set limits on MCompare predictions to data to set limits on MH  H  -- tan(tan(ββ) plane) plane

�� Scan all combinations of HScan all combinations of H++ BR’s to set model independent BR’s to set model independent 

limits on BR(tlimits on BR(t→→HH++b)b)

------

++


